N atural killer cells, a CD3
Ϫ CD16 ϩ CD56 ϩ subset of large granular human lymphocytes, are able to induce both direct and Ab-mediated cellular cytotoxicity on a variety of targets, notably tumor, virus-infected, and immature hemopoietic cells (1) . NK-induced cytotoxicity involves rapid effector-target cell conjugation, followed by exocytosis of granules containing perforins, serine esterases, and proteoglycans, whose release from the effector cell (degranulation) leads to the lysis of NK-sensitive or Ab-coated target cells (2) . Upon activation by lymphokines, NK cells acquire the capability of killing a wider range of targets, including tumor cells resistant to freshly isolated NK cells.
NK cell functions are triggered by the activation of multiple biochemical pathways, associated with specific, still only partially elucidated, signal transduction events (1, 3) . Particular attention has been focused on the activation of phospholipases of the C, D, and A 2 type, implicated in the regulation of NK cytotoxicity through the generation of multiple, sometimes interconvertible lipid second messengers (4 -6) . Among these, phosphatidylinositol 4,5-bisphosphate-specific phospholipase C (PIP 2 -PLC) 2 is rapidly activated by cross-linking of low affinity IgG FcR (Fc␥RIII or CD16II) during NK-mediated cytotoxicity (7) (8) (9) (10) , with generation of two second messengers, inositol 1,4,5-trisphosphate and 1,2-diacylglycerols (DG), which respectively induce intracellular calcium mobilization and protein kinase C activation. Receptor-mediated phosphatidylcholine-specific phospholipase D (PC-pld) activation has been reported to occur independently of the PIP 2 turnover in NK-stimulated cells, through cell surface-associated molecules, including CD16 (5, 11, 12) . This pathway produces phosphatidate and, in a subsequent hydrolysis step, DG, second messengers implicated in the biosynthesis and secretion of TNF-␣ (11) . Moreover, the use of pharmacological inhibitors demonstrated that PC-pld activation is also an important step in the CD16-triggered signal cascade that leads to NK cytotoxic granule exocytosis (12) .
Finally, cross-linking of CD16 receptors triggers, in activated NK cells, the induction of both cytosolic and secretory phospholipase A 2 isoforms. These enzymes, responsible for arachidonic acid production and subsequent generation of platelet-activating factor and leukotrienes (13, 14) , are also involved in the release of cytotoxic granules, at least in some mammalian species (15) .
More limited evidence has been reported on the possible involvement in NK cell cytotoxicity of neutral-active PC-specific phospholipase C (PC-PLC), major enzyme of the PC cycle, held responsible for the production of non-PIP 2 -derived DG in a number of receptor-stimulated cells, including lymphocytes (16 -22) .
Indirect evidence in support of a possible role of PC-PLC in NK-mediated cell killing was provided by the dose-dependent inhibition exerted on the lytic activity of isolated cytotoxic granules by free phosphocholine (PCho), a product of PLC-mediated PC hydrolysis (23) . This compound, which represents the predominant headgroup esterified to phospholipids on the outer leaflet of the plasma membrane of eukaryotic cells, was the most potent inhibitor of granule cytolytic activity among various phosphomonoesters (e.g., glycerophosphate, phosphoethanolamine) or nonphosphorylated derivatives of phospholipid headgroups (choline, ethanolamine). The specific inhibitory effect exerted by free PCho suggests a possible competition between the free base and PChocontaining headgroups exposed on the target cell, toward the activity of specific enzymes expressed by the effector cell. Subsequent studies by Tschopp et al. (24) demonstrated that the PCho moiety acts as Ca 2ϩ -dependent receptor for perforin on lipid membrane models (PC-and sphingomyelin-containing vesicles) and also on target cell membranes. No specific studies were then addressed to investigate expression, subcellular localization, and possible functional role of PC-PLC in NK-mediated cytotoxicity.
This work provides the first evidence on: 1) presence and subcellular localization of PC-PLC isoforms in human NK cells; 2) comigration of the enzyme with perforin granules in IL-2-activated NK cells; and 3) functional role of PC-PLC in NK-mediated cell killing.
Materials and Methods

Chemicals and biochemicals
BSA, Triton X-100, aprotinin, Tween 20, and poly-L-lysine hydrobromide (molecular mass 400 kDa) were supplied by Sigma (St. Louis, MO). Alexa 488-conjugated 3,3Ј-dihexyloxacarbocyanine iodide (DiOC 6 (3)) was purchased from Molecular Probes (Eugene, OR). Tricyclodecan-9-yl-xanthogenate (D609) was supplied by Calbiochem (Frankfurt, Germany), and human rIL-2 by Roche (Basel, Switzerland). The ECL Western blotting system, commercialized by Amersham Life Science, was supplied by Amersham Srl (Milan, Italy).
Antibodies
The following mAbs were utilized to identify Ags characteristic of the NK phenotype: B73.1 (IgG1, anti-CD16), kindly provided by G. Trinchieri (Wistar Institute, Philadelphia, PA); 3G8 (IgG1, anti-CD16), OKT3 (IgG2a, anti-CD3), OKT4 (IgG2, anti-CD4), OKT8 (IgG2, anti-CD8), and 63D3 (anti-CD14), produced from cells obtained from the American Type Culture Collection (ATCC, Manassas, VA); and anti-CD20, anti-CD16 PE, and anti-CD56 PE from BD Biosciences (San Jose, CA).
The following Abs were used to detect specific cell components: rabbit polyclonal anti-PC-PLC Abs raised against bacterial (Bacillus cereus) PC-PLC and cross-reacting with mammalian PC-PLC, obtained according to the procedure described by Clark et al. (25) , modified as reported (26) , and purified by absorption to and elution from protein A-Sepharose; a preparation of mixed anti-PIP 2 -PLC-␥1 mAbs, purchased from Upstate Biotechnology (Lake Placid, NY); anti-human golgin-97 mAb from Molecular Probes; anti-human perforin mAb from Calbiochem; and anti-␤-tubulin, anti-F-actin, anti-kinesin, and anti-dynein mAbs from Sigma.
The following fluorochrome-conjugated secondary Abs were utilized for indirect immunofluorescence examinations: Alexa 488-and Alexa 594-conjugated goat anti-rabbit IgG and Alexa 488-conjugated goat anti-mouse IgG F(abЈ) 2 fragment, purchased from Molecular Probes.
Cell lines
Cell lines K562 (human erythroleukemia), U937 (human monocytic leukemia), DAUDI (human lymphoblastoid leukemia), and the EBV-transformed B cell line RPMI 8866 were obtained from the ATCC. These cell lines, as well as Ab-secreting hybrid cell lines (OKT3, OKT4, OKT8, and 63D3), were routinely seeded from larger cultures into 25-cm 2 tissue culture flasks (Falcon) at a density of 1-4 ϫ 10 5 cells/ml RPMI 1640, supplemented with 10% heat-inactivated (56°C, 30 min) FCS from Life Technologies (Italia, Milan, Italy), 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were grown at 37°C, under 7% CO 2 atmosphere, in a conventional water-jacketed incubator. The cells were harvested at the mid-log phase of growth. All cell lines were Mycoplasma free, as controlled by repetitive testing with Hoechst fluorescent staining of cytoplasmic DNA. Cell viability, assessed by trypan blue exclusion test, was Ն98%.
Fresh human NK cell preparation
Human PBMCs were isolated from buffy coats of normal donors by Histopaque-1077 (Sigma) gradient, centrifuged, and passed through nylon wool columns (Robbins Scientific, Sunnyvale, CA). The NK cells were further purified by rigorous negative immunomagnetic selection. Briefly, anti-CD3-, anti-CD4-, anti-CD8-, anti-CD20-, and anti-CD14-pretreated cells were further incubated by using magnetic particles coated with F(abЈ) 2 anti-mouse IgG (Dynal, Oslo, Norway). After this second step, the resulting NK cell population was over 90% CD16 ϩ , CD56 ϩ , CD3 Ϫ , and CD14 Ϫ , as assessed by cytofluorometric analysis (cell viability Ն99%).
Long-term human NK cell preparation and activation by IL-2
Long-term NK cells were obtained by coculturing non-nylon-adherent human PBMCs from buffy coats (4 ϫ 10 5 cells/ml) with irradiated (4000 rad) RPMI 8866 (1 ϫ 10 5 cells/ml) at 37°C in a humidified 7% CO 2 atmosphere for 10 days, as previously described (27) . On day 10, the contaminating T cells were eliminated by indirect negative immunomagnetic depletion by mixed anti-CD3, anti-CD4, and anti-CD8 mAbs (as described above for fresh NK cells), and the resulting cell population was Ͼ95% pure, as assessed by cytofluorometric analysis. For activation, long-term NK cells were incubated with human rIL-2 (100 U/ml) for 3 days, starting on day 7 of culture. Cell activation was associated with an increase in cell number ranging between 1.2 and 2.3ϫ, according to the donor (27) . These cell preparations will be referred to as NK-activated cells. Both control and NK-activated cells were over 95% viable.
Immunofluorescence epimicroscopy and flow cytometry analyses
The surface phenotype of cells in suspension and PC-PLC expression in either fixed or unfixed NK cells were characterized by indirect immunofluorescence, by using either mAbs or polyclonal Abs. Briefly, 5 ϫ 10 5 cells were added per well in a U-bottom microtiter plate and washed once with PBS containing 0.2 mM NaN 3 and 1% BSA (PBS-NaN 3 -BSA). Cells were sequentially incubated (30 min, 4°C) with appropriate dilutions of the primary Ab, washed twice with PBS-NaN 3 -BSA, and incubated for 30 min at 4°C with the appropriate fluorochrome-conjugated secondary (either goat anti-mouse or goat anti-rabbit) Abs, as specified for each series of experiments. The control samples, consisting of a portion of the same NK cell preparation incubated only with the secondary Alexa-conjugated Ab, were treated in the same way. After extensive washes, cell fluorescence intensity was measured on logarithmic scale using a flow cytometer FACScan (BD Biosciences). For immunofluorescence microscopy analyses, the cells were Cytospin sedimented on a glass slide, fixed, and permeabilized with cold methanol (ϳ20°C, 10 min) and 0.2% Triton X-100 in PBS (5 min, room temperature), and then incubated for immunofluorescence, as above. Finally, the ProLong (Molecular Probes) antifade reagent was added immediately before analyses on a Zeiss Axioscop fluorescence microscope (Zeiss, Oberkochen, Germany), equipped with appropriate filters.
Figures were prepared using Adobe Photoshop software (Adobe Systems, Mountain View, CA).
Confocal laser-scanning microscopy (CLSM) analyses
For CLSM analyses, NK cells were seeded on poly-L-lysine hydrobromidecoated cover glass (10 g/ml, 40 min, room temperature) and allowed to attach for 90 min at 37°C. After washing with PBS, the cells were fixed by paraformaldehyde 3% (30 min, 4°C), permeabilized by Triton X-100 (0.5%, 10 min at room temperature), and then stained (30 min, 37°C) with appropriate pretested dilutions of the primary and Alexa-conjugated secondary Abs, according to the procedures described in the previous section. The extensively rinsed cover glass was then mounted on the microscope slide with the ProLong reagent, and CLSM observations were performed using a Leica TCS 4D apparatus, equipped with an argon-krypton laser, double-dichroic splitters (488/568 nm), 520-nm barrier filter for Alexa 488 (green), and 590-nm barrier filter for Alexa 594 (red) observations. Image acquisition and processing were conducted by using the SCANware and Multicolor Analysis (Leica Lasertechnik GmbH, Heidelberg, Germany) and Adobe Photoshop software programs. Signals from different fluorescent probes were taken in parallel, and colocalization was detected in white (pseudo-color). Several cells were analyzed for each labeling condition, and representative results are presented.
Western blot analyses of PC-PLC enzyme isoforms
Cells (20 ϫ 10 6 per sample) were resuspended in 50 l lysis buffer (100 mM Tris-HCl, pH 8, 150 mM NaCl, 1% Triton X-100, 1% aprotinin, 250 mM PMSF) for 30 min. All subsequent manipulations were performed at ice-melting temperature. Lysates were cleared of nuclei and detergent-insoluble materials by 20-min centrifugation at 15,000 ϫ g. The samples were then resuspended in 20 l reducing buffer, boiled, and resolved by 7% SDS-PAGE, using a mini-Protean II apparatus (Bio-Rad Laboratories, Hercules, CA), and transferred to nitrocellulose in a Bio-Rad trans blot apparatus. Blots were washed two to three times for 5-10 min in TBS buffer, containing 0.05% Tween 20 (TBS-T), and blocked in 5% nonfat dry milk in PBS-T for 60 min. After three washes in TBS-T, blots were incubated with rabbit anti-PC-PLC Abs. Enzyme isoforms were detected using an anti-rabbit HRP-conjugated secondary Ab and the ECL Western blotting reagent system.
Cellular cytotoxicity assay
The cytolytic activity of resting or IL-2-activated NK cells was tested against either NK-sensitive (K562, U937) or NK-resistant (DAUDI) leukemia cell lines by a classical 3-h 51 Cr release assay. The percentage of specific 51 Cr release was calculated as follows: (experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release) ϫ 100 (27) . The effects of PC-PLC inhibition on NK-mediated cytotoxic activity were tested on NK cells isolated from different donors, preincubated in the presence of D609 (15-60 g/ml) for different time intervals (as specified), extensively washed, and then tested for cellular cytotoxicity against target leukemia cells. In these experiments, the inhibitor did not induce any significant modification on NK cell viability (Ͼ90% by trypan blue exclusion test), nor on cell distribution in different phases of the cell cycle; in particular, the apoptotic fraction (sub-G 0 peak) was always below detection level.
Results
Immunofluorescence detection of PC-PLC in intact NK cells
Indirect immunofluorescence analyses of either unfixed or fixed and permeabilized NK-resting cells, preincubated with anti-PC-PLC Abs (26) , demonstrated that PC-PLC was expressed both on the outer cell surface (Fig. 1a) and within cytoplasmic compartments (Fig. 1c) . CLSM analyses allowed a more detailed insight on the spotlike distribution of PC-PLC exposed on the external cell surface (Fig. 1a, inset) , while intracellular PC-PLC appeared to be generally localized within defined cytoplasmic regions (Fig. 1c) . This aspect will be analyzed in more detail by CLSM, as described below.
Similar subcellular PC-PLC distribution patterns were observed in NK-activated cells (Fig. 1, b and d) , which, however exhibited, as compared with NK-resting cells, a substantial increase in the relative amount of PC-PLC exposed on the outer cell surface. Moreover, the pattern of membrane-bound fluorescence appeared to be clustered in smaller particles.
Flow cytometry analyses allowed quantification of these observations, in terms of distribution and relative intensity of indirect immunofluorescence, in either fixed or unfixed cells. The overall fluorescence intensity of fixed and permeabilized cells appeared rather homogeneous (as demonstrated by the sharp peak 3 in Fig.  1, e and f) , with a mean value not substantially modified by IL-2 activation. This result indicated that the total amount of expressed PC-PLC was practically the same in NK-resting and in NK-activated cells. Flow cytometry analyses of unfixed cells showed, instead, a rather broader fluorescence distribution of PC-PLC exposed on the outer cell surface (Fig. 1, e and f, peak 2) , with a mean value over two times higher in NK-activated than in NKresting cells.
The subcellular distribution of PC-PLC in NK cells was compared with that of PIP 2 -specific phospholipase C-␥1, major PLC isoform, responsible for receptor-mediated activation of the phosphoinositide cycle. Epifluorescence and CLSM experiments demonstrated that the subcellular distribution of PC-PLC was substantially different from that of PIP 2 -PLC-␥1, whose fluorescent pattern was less granular and mostly confined to subcortical areas of the plasma membrane, especially in NK-activated cells (Fig. 1, g and h) .
In conclusion, epifluorescence, CLSM, and flow cytometry experiments demonstrated that PC-PLC was expressed both in cytoplasmic compartments and on the outer cell surface of either resting or activated NK cells. The fraction of PC-PLC exposed on the cell surface increased over 2-fold, upon IL-2-mediated cell activation. The subcellular distribution of PC-PLC was substantially different from that of PIP 2 -PLC-␥1.
Detection of PC-PLC in NK cell lysates
Western blot analyses on NK cell lysates showed two sharp protein bands (Fig. 2) , specifically recognized by the same anti-PC-PLC Abs utilized for the immunofluorescence experiments described in the previous section. These protein bands, corresponding to M r values of 66 and 40 kDa, respectively, were attributed to different PC-PLC isoforms. The relative amount of the two isoforms showed some variability from donor to donor, but was not significantly altered by IL-2 activation. Preincubation of NK-activated cells with the PC-PLC inhibitor D609 (17, 22, 28, 29) did not induce any substantial modification in the expression of the two PC-PLC isoforms.
The same PC-PLC isoforms were also detected in some leukemia cells, such as K562 and DAUDI (Fig. 2) . Only the 40-kDa isoform was instead detected in U937 cells, in close agreement with a previous study by Clark et al. (25) , while the 66-kDa isoform alone has been previously reported by our group in murine embryo-derived NIH-3T3 fibroblasts and in their H-ras transformants (26) .
In conclusion, two PC-PLC isoforms are expressed, with some interdonor variability, in lysates of either resting or activated NK lymphocytes.
Localization of PC-PLC in cytoplasmic organelles of NK cells
To gain more detailed information on the cytoplasmic localization of PC-PLC, dual immunofluorescence CLSM analyses were performed on fixed NK-resting or NK-activated cells, preincubated with both anti-PC-PLC Abs (detected in red) and probes specific for different cytoplasmic organelles (detected in green). In particular, examinations were performed using either DiOC 6 (3) (30), at a concentration (1 g/ml) at which it acts as specific marker of endoplasmic reticulum (ER), or anti-golgin mAb, a specific probe for the Golgi apparatus. The experiments demonstrated colocalization (white) of PC-PLC with the ER (Fig. 3A) , mainly within the Golgi apparatus (Fig. 3C ) in NK-resting cells. A much more extended colocalization of PC-PLC with the ER marker was observed in NK-activated cells (Fig. 3B) , in which the enzyme was not exclusively confined to the Golgi region (Fig. 3D) .
Colocalization of PC-PLC with cytoskeleton components and motor proteins
Dual fluorescence CLSM analyses performed on fixed NK-resting cells, double-stained with anti-PC-PLC Abs (red) and anti-␤-tubulin mAbs (green), demonstrated some colocalization of PC-PLC with the microtubule-organizing center (MTOC) (Fig. 4A) . In NK-activated cells, not only did this colocalization become much more pronounced, but several PC-PLC-enriched particles were also found to colocalize with microtubule filaments (Fig. 4B) .
Furthermore, CLSM analyses on NK-activated cells doublestained with anti-PC-PLC and anti-kinesin (Fig. 4C) or anti-dynein (Fig. 4D ) Abs showed that PC-PLC was apparently transported away from the MTOC region toward the cell periphery, mainly by the motor protein kinesin, rather than by dynein.
Finally, a substantial colocalization of PC-PLC with F-actin filaments was observed in NK-activated (Fig. 4F ), but not in NKresting cells (Fig. 4E) .
It is interesting to note that intracellular PC-PLC was not exclusively confined to cytoplasmic regions, since several PC-PLCenriched particles were also detected in the nucleus. This phenomenon, particularly evident in Fig. 4C , seems worthy of further investigation, also in the light of increasing evidence pointing to the presence of phospholipases of the C type (specific for either PIP 2 or PC) in the nucleus of several cell lines, where these enzymes are proposed to exert key regulatory functions (31) (32) (33) .
Association of cytoplasmic PC-PLC with perforin-containing granules
CLSM analyses of fixed NK-resting cells (Fig. 5A ) demonstrated that PC-PLC (red) and perforin-carrying granules (green) exhibited some areas of colocalization (white), especially in the Golgi region. Both types of particles were much more widely distributed throughout the cytoplasm of NK-activated cells, with extensive colocalization (Fig. 5B) . It is interesting to note that in the latter cells, most of the perforin-carrying granules were associated with PC-PLC, but not all PC-PLC particles colocalized with perforin molecules.
In NK-activated cells preincubated with D609, both PC-PLC and perforin granules were confined to the Golgi region, where they closely colocalized (Fig. 5C) .
Finally, when NK-activated cells were induced to form conjugates with either NK-sensitive (K562) or NK-resistant (DAUDI) target cells, a massive colocalization of PC-PLC and perforin granules occurred at the intercellular contact region (Fig. 5, D and E) . This phenomenon was, instead, generally absent in conjugates of NK-resting cells with either type of target (data not shown).
Effects of the PC-PLC inhibitor D609 on NK-mediated lytic activity
To further investigate the functional role of PC-PLC in the cytotoxic process, experiments were performed on purified long-term cultured NK cells (from different donors), preincubated with D609 (0, 15, 30, 45, or 60 g/ml; 15 min) before lytic assays against the NK-sensitive K562 target cells (E:T cell ratio, r, between 1.6:1 and 12.5:1). Three independent series of experiments (example in Fig. 6A ) consistently showed that preincubation of NK cells with D609 induced dose-dependent decreases in NK-mediated lytic activity. The percent decreases in cytotoxicity varied (according to the E:T cell ratio) from 5-15% at the inhibitor concentration, c ϭ 15 g/ml to 10 -40% at c ϭ 30 g/ml; 25-60% at c ϭ 45 g/ml; and 30 -60% at c ϭ 60 g/ml. The alterations in specific cell lysis (mean values Ϯ SD, seven series of independent experiments) induced by D609 (50 g/ml, 15 min) in long-term cultured NK cells are reported in Fig. 6B . Similar effects were obtained with another NK-sensitive target cell line, U937 (data not shown). Fig. 6C reports the results (mean values Ϯ SD) of four series of independent experiments conducted to assess the cytotoxic activity of NK-activated cells preincubated with D609 (50 g/ml, 15 min), washed, and challenged with either K562 or DAUDI cells (the latter being resistant to NK-resting but not to NK-activated cells). All these experiments demonstrated again a strong inhibition by D609 of NK-mediated cytotoxicity, with percent decreases in lytic activity (with respect to untreated control cells) higher than 90% in the E:T cell ratio range between 6.2:1 and 50:1. These findings further supported a functional role of PC-PLC in the cellular mechanisms responsible for target cell lysis.
Flow cytometry analyses were finally performed on either unfixed or fixed cells to investigate whether the effects of the PC-PLC inhibitor on NK-mediated cytotoxicity were associated with alterations in the relative distribution of the enzyme between cytoplasmic and membranous compartments of NK-activated cells. Experiments on unfixed cells (Fig. 7, bottom panel) demonstrated that preincubation of the effector cells with D609 (50 g/ml) resulted in a strong decrease in the exposure of PC-PLC on the outer cell surface, which was reduced by 40 Ϯ 5% after 15 min of cell preincubation with the inhibitor and by 75 Ϯ 15% after 180 min. On the other hand, analyses on fixed and permeabilized cells (upper panel) showed that the overall (cytoplasmic plus membranous) PC-PLC expression was not significantly decreased by 15-min incubation with D609 (6 Ϯ 1%) and underwent a decrease of 40 Ϯ 10% at 3 h. The observed alterations in PC-PLC subcellular redistribution were fully reversible 6 h after removal of the inhibitor (data not shown).
In conclusion, immunofluorescence analyses supported the notion that preincubation of NK-activated cells with the PC-PLC inhibitor D609 induces a recycling of PC-PLC isoform(s) from the cell surface to intracellular compartments, without significant alteration in the total amount of PC-PLC expression at 15 min and a (reversible) decrease in the latter at longer times (up to 40% at 3 h).
Discussion
This work reports evidence on 1) PC-PLC expression in NK cells; 2) cytokine-dependent distribution of this enzyme between cytoplasmic regions (Golgi, MTOC, ER) and the outer cell membrane surface; 3) colocalization of PC-PLC with perforin granules along microtubules in IL-2-activated cells and massive accumulation of both components at the contact region of NK-target cell conjugates; 4) subcellular redistribution of PC-PLC and inhibition of NK cytotoxicity upon cell exposure to the PC-PLC inhibitor D609. These results implicate a role of PC-PLC in NK-mediated cytotoxicity.
At the present stage, no definite hypothesis can be suggested regarding the possible differential localization and function of the two PC-PLC isoforms (M r 40 and 66 kDa) detected in NK cell lysates. Specific analyses of isolated subcellular fractions would be needed to clarify these aspects and also to assess the possible involvement of phosphorylation-dephosphorylation mechanisms in the trafficking of PC-PLC isoforms, following either cytokine-induced NK activation and/or exposure to a target cell.
Comparative epifluorescence and flow cytometry analyses on either unfixed or fixed and permeabilized NK cells showed that there was a 2-fold increase in the amount of PC-PLC located on the outer cell surface of NK-activated, with respect to NK-resting cells. Since, however, the overall expression of PC-PLC in unstimulated and IL-2-stimulated NK cells was very similar (according to flow cytometry and immunoblotting experiments), it seems reasonable to conclude that the increase in PC-PLC exposed on the outer cell surface was accompanied by a decrease in the cytoplasmic PC-PLC content. In agreement with this hypothesis, CLSM analyses showed that IL-2 activation induced a substantial fraction of PC-PLC to leave the MTOC and translocate along microtubules to the periphery of NK cells. However, following incubation of NK-activated cells with D609, most of the PC-PLC-rich particles reassembled in the Golgi region. This body of evidence supports the hypothesis that subcellular localization and function of PC-PLC are interdependent phenomena, regulated by lymphokine activation.
More detailed insight on the cellular mechanisms of PC-PLC translocation in NK-activated cells and their involvement in NK cytotoxicity was provided by dual fluorescence CLSM evidence on the colocalization of this enzyme with 1) cytoskeleton components (␤-tubulin and F-actin); 2) microtubule motor proteins (kinesin and dynein); 3) perforin-containing granules. In particular, these experiments showed that PC-PLC-rich particles were essentially clustered within the MTOC region of NK-resting cells and, following IL-2-activation, were massively transported toward the cell periphery, where they colocalized with F-actin in subcortical membrane regions.
The prevalent association of PC-PLC with kinesin, rather than with dynein, further supported a net transport of the enzyme in NK-activated cells, along microtubules, toward the plasma membrane. Kinesin and dynein are in fact held responsible for vesicle transport in opposite directions, under the control of phosphatases and kinases (34) , the former supporting vesicle motility toward the fast-growing ends of microtubules, and the latter mainly supporting movements from cell periphery to the MTOC.
Finally, the extensive colocalization of cytoplasmic PC-PLC with perforin-containing lytic granules in NK-activated cells and the joint translocation of these molecular components from the Golgi complex to cell periphery clearly occurred along common migration routes made available by the microtubule organization. This overall body of evidence supports the participation of PC-PLC in the regulated mechanisms of lytic granule exocytosis, the major mechanism by which NK cells express their cytotoxic activity toward NK-sensitive targets (35) . It is in fact known that, upon binding to a target cell, the cross-linking of specific surface receptors triggers in the effector cell a rapid reorganization of the cytoskeletal apparatus, resulting into a strong polarization of the MTOC, the Golgi complex, and perforin-containing lytic granules in the direction of the bound target. Once this polarity is established, the lytic granules translocate from the MTOC to the plasma membrane and finally release their lytic content of perforin and granzymes to the space between the effector and the target cell (Ref . 36 and references therein) . Furthermore, studies on lytic granules isolated from CTLs demonstrated that the movement of these organelles along microtubules was mainly supported by kinesin, rather than by cytoplasmic dynein (Ref. 36 and references therein). The additional evidence provided by the present study on the colocalization of perforin-containing lytic granules with PC-PLC, their kinesin-supported cotransport along microtubule filaments of NK-activated cells, and, finally, their massive joint accumulation at the intercellular contact region of effector-target cell conjugates, strongly supports the hypothesis that PC-PLC plays a relevant role in the still scarcely elucidated mechanisms of lytic granule externalization.
Further insight on the involvement of PC-PLC in NK-mediated cytotoxicity was given by the strong dose-dependent decrease in NK-mediated lytic activity, following preincubation of the effector cell with D609. This xanthate compound is reported to inhibit PLC-mediated PC hydrolysis, without inducing any substantial modification of phospholipase A 2 , or D, or PI-PLC activities (22, 28, 29) . For this reason, D609 has been utilized in a number of intact cell systems to discriminate between different reaction steps in signal transduction cascades occurring in cell stimulated by either mitogens or apoptotic agents (17, 37, 38) . It should, however, be explicitly noted that PC-PLC inhibition by D609 is not necessarily associated with an overall decrease of PC hydrolysis in treated cells. In fact, in a cell exposed to D609-mediated inhibition of PC-PLC, concomitant alterations can occur in the activity of other enzymes of the PC cycle, such as a (likely compensatory) increase in PC-pld activity, as reported for osteoblastic osteosarcoma cells (39) and fibroblasts (40) . Recent studies also demonstrated that D609 inhibits sphingomyelin synthase in vitro and in SV40-transformed cells (41) , suggesting that this compound may generally compete with PCho-containing substrates. Furthermore, PC-PLC inhibition by D609 may also interfere with the signal transduction cascade, by blocking mitogen-activated protein kinase activation, in response to some receptor-stimulating agents (39, 40) . These observations point to the interest of directly measuring PC-PLC activity by appropriate biochemical analyses on cells and their subcellular fractions, to elucidate the specific role of this enzyme in the activation of the PC cycle and signal transduction mechanisms, in NK-mediated cytotoxicity. At the present stage, the new message provided by our immunofluorescence and microscopy data was that D609-induced decreases in NK cytotoxicity were associated with extensive reorganization of subcellular PC-PLC distribution, with both a reduction (up to 40%) in the fraction of the enzyme exposed on the outer membrane surface and clustering of the cytoplasmic fraction within the Golgi region. This evidence suggests a possible mode of action of D609, based upon a decrease of PC-PLC translocation from cytoplasmic granular components to the cell surface. The hypothesis reinforces the interest of further investigating, using appropriate biochemical assays, the relationships between activity and subcellular localization of PC-PLC in NK cells, under different conditions of preincubation with D609, cytokine-induced activation, and/or exposure to either sensitive or resistant target cells.
In conclusion, although indirect evidence demonstrates the involvement of PC-PLC in the activation of receptor-stimulated signal transduction mechanisms (19, 42, 43) , only a few studies to date provided direct evidence on expression and subcellular localization of this enzyme in mammalian cells (25, 26, 44 -46) . The present work reported new evidence on the presence and subcellular distribution of PC-PLC in NK cells, supporting a previously unsuspected role of this enzyme in NK-mediated cytotoxicity. The specific biochemical and cellular mechanisms by which PC-PLC participates in NK granule exocytosis and target cell membrane lysis are still open questions, currently under investigation in our laboratories.
